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Light is one of the most powerful and precise tools allowing us to control1, 2, shape3, 4 and cre-
ate new phases5, 6 of matter. In this task, the magnetic component of a light wave has so far
played a unique role in defining the wave’s helicity, but its influence on the optical response
of matter is weak. Chiral molecules offer a typical example where the weakness of magnetic
interactions hampers our ability to control the strength of their chiral optical response7. It is
limited several orders of magnitude below the full potential. Here we introduce freely propa-
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gating locally and globally chiral electric fields, which interact with chiral quantum systems
extremely efficiently. To demonstrate the degree of control enabled by such fields, we fo-
cus on the nonlinear optical response of randomly oriented chiral molecules. We show full
control over intensity, polarization and propagation direction of the chiral optical response,
enabling its background-free detection. This response can be fully suppressed or enhanced
at will depending on the molecular handedness, achieving the ultimate limit in chiral dis-
crimination. Our findings open a way to extremely efficient control of chiral matter and to
ultrafast imaging of chiral structure and dynamics in gases, liquids and solids.
Chirality is a ubiquitous property of matter, from its elementary constituents to molecules,
solids, and biological species. Chiral molecules appear in pairs of left and right handed enan-
tiomers, where their nuclei arrangements present two non-superimposable mirror twins. The hand-
edness of some macroscopic objects can be identified using a mirror, but how does one distinguish
the handedness of a microscopic chiral object?
One powerful strategy that uses light relies on the concept of “chiral observer” 8. This con-
cept unites several revolutionary techniques of chiral discrimination 9–22, which analyze experi-
mental observables with respect to a chiral reference frame defined by the experimental setup.
Two axes of the reference frame are fixed by two non-collinear electric field vectors interrogat-
ing the chiral system, such as the two components of a circularly polarized laser pulse. The third
laboratory axis is defined by the direction of observation, for example, by the position of the photo-
electron detectors in photo-electron circular dichroism measurements9–11, 14–16, 18, 19, 21, 23.
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Probing chirality can also involve interaction between two chiral objects, one of them with
known handedness. This principle relies on using a well-characterized chiral reagent – another
chiral molecule, or chiral light.
There is a fundamental difference between a chiral observer and a chiral reagent 8. A chiral
observer detects opposite directions or phases 13, 14 of signals excited in the two enantiomers, such
as the opposite photo-electron currents generated by photo-ionization with circularly polarized
light 23. But it does not influence the total signal, i.e. the total number of photo-electrons. In
contrast, a chiral reagent leads to different total signal intensity in left and right enantiomers, such
as in standard absorption circular dichroism in chiral media. Gaining control over intensity of light
emission or absorption by chiral matter requires a chiral photonic reagent – chiral light.
Circularly polarized light, while chiral, is ill-suited for this purpose. The pitch of the light
helix in the optical domain is too large compared to the size of the molecule, hindering chiro-optical
response. To control chiral objects much smaller than the light wavelength efficiently, one needs a
field that is chiral locally, in the electric-dipole approximation, without invoking light evolution in
space.
Here we introduce, characterize and use freely propagating locally chiral electromagnetic
fields, which also maintain their handedness globally in space. Their global chirality map can be
engineered by tuning their handedness locally, at every point. We show that such fields enable the
highest possible degree of control over the chiral non-linear optical response, quenching it in one
enantiomer, while maximizing it in its mirror twin.
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In locally chiral fields, the tip of the electric field vector follows a chiral trajectory in time
(Fig. 1a). Here time plays a role of an additional dimension and a locally chiral field can be viewed
as a ”geometrical” object local in space, but non-local in time. Any symmetry analysis applica-
ble to chiral molecules can be applied to locally chiral light fields, once dynamical symmetries
describing its evolution in time are included 24. However, a symmetry analysis does not allow us
to quantify their handedness. A previously employed measure of optical chirality25 is equivalent
to light helicity and vanishes in the electric-dipole approximation. To quantify the handedness of
locally chiral fields we need a new approach. We take snapshots of the electric field vector at three
different instants of time and evaluate the triple product of these three vectors, forming a ubiqui-
tous chiral measure 8, 12, 14, 26. Once this triple product is averaged over time to sample the entire
trajectory, we find that this measure presents a special, chiral, three-point correlation function (see
Methods), which distinguishes locally chiral fields. Thanks to the triple product, it forms a pseu-
doscalar, which changes sign if we mirror-reflect the field trajectory, distinguishing left-handed
and right-handed locally chiral fields. What’s more, it describes the interaction of locally chiral
fields with matter.
The lowest order chiral field-correlation function in the frequency domain is given by
h(3)(−ω1 − ω2, ω1, ω2) ≡ F∗(ω1 + ω2) · [F(ω1)× F(ω2)] . (1)
and its complex conjugate counterpart (see Methods), where F(ωi) are the Fourier components of
the electric field vector at three different frequencies. A non-zero triple product means that the
field trajectory defines a local chiral reference frame via the three non-coplanar vectors F(ω1),
F(ω2) and F(ω1 + ω2). This is why to have non-zero h(3), a locally chiral field needs at least three
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different frequency components. h(3) governs perturbative light-matter interaction, such as absorp-
tion circular dichroism induced solely by laser electric fields (see Methods) and enantiosensitive
population of rotational states in chiral molecules26 using microwave fields.
One may think that if h(3) = 0, then the field is not locally chiral. This is not true, h(3) 6= 0
is a sufficient but not necessary condition to have a locally chiral field. One can easily verify that
the electric field vector of the very simple two-color field (Fig. 1a):
Fω cos (ωt)x+ εFω sin (ωt)y + F2ω cos (2ωt+ φω,2ω)z (2)
traces a chiral trajectory in time, even though its h(3) = 0. Its chirality manifests in higher or-
der time-correlations, which can be perfectly put to use in higher order non-linear light matter
interactions. Indeed, the next order correlation function for this field (see Methods)
h(5)(−2ω,−ω, ω, ω, ω) ≡ {F∗(2ω) · [F∗(ω)× F(ω)]} [F(ω) · F(ω)] (3)
is non-zero. Eq. (3) shows that the ω-2ω field also forms a local chiral coordinate frame, and we
can identify three non-coplanar vectors upon temporal averaging. Here, the system absorbs three
photons of frequency ω with x polarization, emits one photon of frequency ω with y polarization
and emits one 2ω photon with z polarization. The handedness h(5) of this locally chiral field
depends on φω,2ω, the ω-2ω phase delay. The spatial map of such delays is under our full control.
It determines the h(5) map globally in space. Thus, we now have a chiral photonic reagent, whose
handedness can be tailored locally to address specific regions in space and specific multiphoton
orders of interactions, with extremely high efficiency.
The mechanism of control over enantiosensitive optical response in the perturbative multi-
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Figure 1: Control with locally chiral fields. a, Trajectory of the locally chiral field in Eq. (2),
color shows z coordinate. Reflection through the xy plane changes the sign of the z field compo-
nent and thus the field’s handedness. Inset shows that the field is a superposition of a component
of frequency ω elliptically polarized in the xy plane, and a component of frequency 2ω linearly
polarized along z (see Eq. (2)). b, Interference of chiral and achiral pathways in even (second) har-
monic generation from a single molecule controlled by h(5). c, Interfering multiphoton pathways
controlled by h(5) resulting in enantiosensitive absorption into level |1〉.
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photon regime is as follows. In isotropic chiral media, in the electric-dipole approximation the
chiral response occurs only due to interactions involving an even number of photons both the
in weak-field12 and strong-field27 regimes, but the non-chiral contribution must involve an odd
number of photons, just like in ordinary isotropic media. Note that this difference allows one to
differentiate between chiral and non-chiral media in the intensity of non-linear optical response
associated with even number of absorbed photons27. However, this intensity is the same for right-
handed and left-handed enantiomers, and their response differs only by a global phase 13, 27. In
contrast, locally chiral fields make the signal intensity enantio-sensitive and allow one to control
its strength depending on the molecular handedness.
Indeed, consider the intensity of the optical response triggered by the ω-2ω field (Fig. 1a)
at frequency 2ω. Since the enantiosensitive second order susceptibility χ(2)(2ω;ω, ω) = 0 (see
e.g.12), the lowest order enantio-sensitive multiphoton process involves four photons of frequency
ω in the chiral channel and one photon of frequency 2ω in the achiral channel:
|P(2ω)|2 = ∣∣χ(4) [F∗(ω)× F(ω)] [F(ω) · F(ω)] + χ(1)F(2ω)∣∣2
= (diagonal terms) + χ(1)∗χ(4)h(5) + c.c. (4)
Here P(2ω) is the induced polarization at 2ω, χ(4) = σM|χ(4)|eiφ4 is the enantiosensitive fourth-
order susceptibility (see Methods), and χ(1) = |χ(1)|eiφ1 is the achiral linear susceptibility. The
interference term
2σMσL
∣∣χ(1)∣∣∣∣χ(4)∣∣∣∣h(5)∣∣ cos(φM + φω,2ω) (5)
is controlled by the chiral-field correlation function h(5) = σL|h(5)|eiφω,2ω . It depends on the molec-
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ular phase φM = φ4−φ1 associated with complex susceptibilities, the relative phase φω,2ω between
the ω and 2ω field components, the handedness of the molecule σM = ±1, and the sense of in-
plane rotation of light σL = ±1. Eqs. (4,5) show that tuning the strengths and the relative phase
φω,2ω between the ω and 2ω fields we can achieve perfect constructive/destructive interference and
fully suppress or maximally enhance the signal intensity in the selected enantiomer (see Fig. 1b).
No additional achiral background channels are allowed due to selection rules. The exact same
interference, as is clear from Fig. 1c, controls absorption of the 2ω field.
We now turn to quantitative analysis and focus on high harmonic generation, a ubiquitous
process in gases, liquids and solids. The required locally chiral field shown in Fig. 1a can be easily
generated using the setup in Fig. 2a. It involves two non-collinear beams with wavevectors k1
and k2 propagating in the xy plane at small angles ±α to the y axis (here α = 5◦). Each beam
is made of linearly polarized ω and 2ω fields with orthogonal polarizations and controlled phase
delays (see Methods). Thanks to the non-zero α, the ω field is elliptically polarized in the xy
plane, with the minor component along the propagation direction y. The handedness of the locally
chiral field does not change globally in space: the amplitude of the 2ω field, polarized along z,
and the ellipticity of ω field, confined in the xy plane, flip sign at the same positions (see Fig. 2b
and Supplementary Information). The chiral structure of the field trajectory in time maintains its
handedness across the focus, as can be seen in the top rows of Fig. 2(c,d).
To describe the non-linear response of an isotropic chiral medium, we developed a quantita-
tive model of high harmonic response in randomly oriented propylene oxide, and verified it against
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Figure 2: Locally and globally chiral field. a, The setup for generating a locally and globally
chiral field includes two non-collinear laser beams, each carrying a strong ω field and a weak,
orthogonally polarized, 2ω field. The total ω field is elliptical in the xy plane, the 2ω field is linear
along z. b, Ellipticity of ω field (grey) and amplitude of the 2ω field (purple) across the focus.
The ellipticity flips sign at the same position in the focus where the 2ω field changes its oscillation
phase by pi, ensuring that this locally chiral field maintains its handedness globally in space. Panel
c shows that the chiral temporal structure at different points across the focus, shown in top-row
boxes, maintains its handedness. d, same as c but for the opposite enantiomer of the field.
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Figure 3: Near field enantio-sensitive high harmonic generation by a locally chiral field. Enan-
tiosensitive polarization grating created in enantiopure samples of R and S propylene oxide
molecules: intensity (a, b) and phase (c, d). The fundamental wavelength is λ = 1.77µm, in-
tensity Iω = 1.3 · 1013W/cm2, I2ω = 1%Iω, φω,2ω = 0, pulse duration 23 fsec at constant intensity,
α = 5◦, and focal diameter 400µm.
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experimental results of Ref.28 (see Supplementary Fig. 1 (a-c)), with excellent agreement.
The periodic locally chiral structure of the field along the x axis leads to the amplitude (Figs.
3a,b) and phase (Figs. 3c,d) gratings of the generated chiral response. Here the intensity of the
second harmonic field has been set to 1% of the fundamental, and φω,2ω = 0. The gratings in Figs.
3a-d are completely different for the right and left enantiomers, demonstrating enantio-sensitive
intensity of the optical response already at the single-molecule level.
Figs. 4a,b show how the enantiosensitive gratings translate into the far field (see Methods).
Even and odd harmonics are emitted in different directions. Their spatial separation follows from
momentum conservation upon net absorption of the corresponding number of photons. Thus, even
harmonics constitute a background-free measurement of the molecular handedness, separated from
the achiral signal in frequency, polarization and space. Note that, in isotropic media, the harmonic
signal at even frequencies of the fundamental can only be z-polarized, but odd harmonics are
polarized along the x axis.
The intensity of even harmonics is determined by the interference between chiral and achiral
pathways ∝ cos (φM + fN(φω,2ω)), where the controlled phase fN(φω,2ω) is a non-linear function
of φω,2ω, for every harmonic number (see Supplementary Information). This interference can be
controlled by changing φω,2ω and the intensity of the 2ω field. We can therefore selectively quench
the harmonic emission from the S enantiomer and enhance the signal of its mirror image, yielding
unprecedented enantiosensitive response. The signal IS from the left handed molecule is com-
pletely suppressed for H40, the chiral dichroism reaches 200% (see Fig. 4c,d). Shifting φω,2ω by
11
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Figure 4: Far-field harmonic intensity and chiral dichroism. a, b, Harmonic intensity for ran-
domly oriented enantiopure R and S propylene oxide molecules, for the same field as in Fig. 3,
I2ω/Iω = 0.01 and φω,2ω = 0. Shifting φω,2ω by pi is equivalent to exchanging the enantiomer.
c, Chiral dichroism in harmonic intensity. d, Total angle-integrated even harmonic intensity and
chiral dichroism. e, Chiral dichroism in H40 versus φω,2ω. f, Intensity ratio between H40 and H41
as a function of the enantiomeric excess when I2ω/Iω = 0.01 and φω,2ω = 0 (red) and φω,2ω = pi
(blue).
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pi we reverse the handedness of the driver and thus obtain the exactly opposite result: suppression
of IR and enhancement of IS (see Fig. 4e). The harmonic number(s) that exhibit 200% chiral
dichroism can be selected by tuning the parameters of the second harmonic field and used for
concentration-independent determination of both the amplitude and the sign of the enantiomeric
excess ee in macroscopic mixtures from simple intensity measurements (see Fig. 4f). Indeed, for
such harmonics the intensity ratio between consecutive harmonics is I2N
I2N+1
' (1± ee)2 I2N
I2N+1
∣∣∣∣
ee=0
,
where I2N
I2N+1
∣∣∣∣
ee=0
is the intensity ratio in a racemic mixture (see Fig. 3f and Methods). The in-
tensity of even harmonics is controlled at the level of total, integrated over emission angle, signal
(Fig. 4d). Such control is only possible because the handedness of the field is maintained globally
in space.
One can also create locally chiral fields which carry several elements of chirality or change
their helicity in space (see Supplementary Information). They may present alternative opportuni-
ties for studying matter with similar spatial patterns of chirality, or for exciting such patterns on
demand.
The mechanism responsible for efficient control of chiral optical response with locally and
globally chiral fields is general for isotropic chiral media in gases, liquids, solids, and plasmas. Lo-
cally and globally chiral fields open new routes for chiral discrimination, enantio-sensitive imag-
ing including selective monitoring of enantiomers with a specific handedness in non-enantiopure
samples undergoing a chemical reaction, with ultrafast time resolution, laser-based separation of
enantiomers, and efficient control of chiral matter. They can also be used to imprint chirality on
13
achiral matter, extending the recent proposal of Ref. 29 from molecular rotations to various me-
dia and various degrees of freedom. For example, (i) optical excitation of chiral electronic states
in achiral systems such as the hydrogen atom30, (ii) efficient enantiosensitive population of chiral
vibronic states in molecules that are achiral in the ground state, e.g. formamide31, or (iii) exciting
chiral dynamics in delocalized systems that are not chiral, such as a free electron or, more gener-
ally, collective electronic excitations in metals and plasmas. Looking broadly, these opportunities
can be used to realize laser-driven achiral-chiral phase transitions in matter.
As global control over the handedness of locally chiral fields creates enantio-sensitive time
and space periodic structures, it may open interesting opportunities for exploring self-organization
of quantum chiral matter and in the interaction of such fields with nano-structured chiral metama-
terials.
METHODS
Chiral-field correlation functions. For a locally chiral field with polarization vector F(t) the
lowest order chiral-field correlation function is a pseudoscalar
H(3)(τ1, τ2) ≡ 1
2pi
∫
dtF(t) · [F(t+ τ1)× F(t+ τ2)] . (6)
Its complex counterpart in the frequency domain,
h(3)(−ω1 − ω2, ω1, ω2) ≡
∫
dτ1
∫
dτ2H
(3)(τ1, τ2)e
−iω1τ1e−iω2τ2 , (7)
yields Eq. (1) of the main text.
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h(3) describes perturbative enantio-sensitive three-photon light matter interaction. For ex-
ample, it appears as a light pseudoscalar in absorption circular dichroism in the electric-dipole
approximation, analogously to how the helicity of circularly polarized light contributes to standard
absorption circular dichroism beyond the electric-dipole approximation.
Consider a field with frequencies ω1, ω2, and ω+ ≡ ω2 + ω1
F (t) = F1e
−iω1t + F2e−iω2t + F+e−iω+t + c.c. (8)
The contribution from second order induced polarization is enantio-sensitive12 and can be written
as (see also 32):
P(2) (ω3) =
1
3
αβγχ
(2)
αβγ (ω3 = ω1 + ω2) [F (ω1)× F (ω2)] . (9)
Note that P(2)(ω3) vanishes if ω1 = ω212. Thus, for the field in Eq. (8) we obtain:
P(2) (ω1) =
1
3
αβγχ
(2)
αβγ (ω1 = ω+ − ω2) (F+ × F∗2) , (10)
P(2) (ω2) =
1
3
αβγχ
(2)
αβγ (ω2 = ω+ − ω1) (F+ × F∗1) , (11)
P(2) (ω+) =
1
3
αβγχ
(2)
αβγ (ω+ = ω2 + ω1) (F2 × F1) . (12)
The second-order response at the difference frequency ω2 − ω1 does not contribute to absorption
because this frequency is absent in the driving field. Using the standard definition for the total
energy E exchanged between the field and the molecule,
E =
∫ ∞
−∞
dtF (t) · P˙ (t)
= −2pii
∫
dω ωF (−ω) ·P (ω) , (13)
15
and replacing Eqs. (10), (11), and (12) in Eq. (13) we obtain
E (2) = 4pi
3
Im
{[
− ω1αβγχ(2)∗αβγ (ω1 = ω+ − ω2) + ω2αβγχ(2)∗αβγ (ω2 = ω+ − ω1)
+ ω+αβγχ
(2)
αβγ (ω+ = ω2 + ω1)
] [
F∗+ · (F2 × F1)
]}
. (14)
Equation (14) shows that enantio-sensitive light absorption is controlled by the third-order corre-
lation function h(3) in Eq. (1). Indeed, it is proportional to the imaginary part of a product of two
pseudoscalars: the first one is associated with chiral medium and involves second order suscep-
tibilities, the second one is associated with the locally chiral field and is given by its correlation
function h(3) =
[
F∗+ · (F2 × F1)
]
. An analogous expression applies for a field with frequencies
ω1, ω2, and ω1 − ω2.
Chiral susceptibility tensor in Eqs. (4) and (5). Here we derive Eq. (4) of the main text.
The polarization corresponding to absorption of a single 2ω photon is given by
P
(1)
i (2ω) = χ
(1)
ij (2ω)Fj (2ω) , (15)
where the orientation-averaged susceptibility is given by
χ
(1)
ij =
(∫
d% liαljβ
)
χ
(1)
αβ
=
1
3
δi,jδα,βχ
(1)
αβ (16)
and yields
P(1)(2ω) =
1
3
χ(1)αα (2ω)F (2ω) . (17)
Here liα is the direction cosine between axis i in the lab frame and axis α in the molecular frame.
We use latin indices for the lab frame and greek indices for the molecular frame. The fourth-order
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term corresponding to absorption of three and emission of one ω photon reads as
P
(4)
i (2ω) = 4χ
(4)
ijklm (2ω = −ω + ω + ω + ω)F ∗j (ω)Fk (ω)Fl (ω)Fm (ω) , (18)
where the degeneracy factor 4 comes from the four possible photon orderings. The orientation-
averaged fourth-order susceptibility in the lab frame is given by
χ
(4)
ijklm =
(∫
d% liαljβlkγllδlm
)
χαβγδ. (19)
Using standard expressions for the orientation averaging (see e.g. Refs. 8 and 33) we obtain (see
also12):
P(4) (2ω) =
2
15
χ
(4)
αβγδ (2ω = −ω + ω + ω + ω)
× (αβγδδ + αβδδγ + αβδγδ) [F∗ (ω)× F (ω)] [F (ω) · F (ω)] . (20)
In Eq. (4) we have used shorthand notations for the first-order and the fourth-order susceptibilities,
i.e.
χ(1) ≡ 1
3
χ(1)αα (2ω) , (21)
χ
(4)
± ≡
2
15
χ
(4)
αβγδ (2ω = −ω + ω + ω + ω) (αβγδδ + αβδδγ + αβδγδ) . (22)
Note that for a field containing only frequencies ω and 2ω the second-order response at frequency
2ω vanishes [see Eq. (9)] and therefore there is no interference between P(2)(2ω) and P(3)(2ω).
Although P (3)(2ω) is non-zero, it behaves either as |F (ω)|2F (2ω) or as |F (2ω)|2F (2ω). The
last term should be omitted, since we keep only terms linear in F (2ω). As for the first term,
which includes additional absorption and emission of ω photons, it merely describes the standard
nonlinear modification of the linear response to the weak 2ω field due to the polarization of the
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system by the strong ω field, leading e.g. to the Stark shifts of the states involved. Thus, while these
terms do modify the effective linear susceptibility χ(1)(2ω), which should include the dressing of
the system by the strong ω field, they do not modify the overall result.
Fifth-order chiral-field correlation function. The different chiral-field correlation func-
tions h(n), with n odd, control the sign of enantio-sensitive and dichroic response in multiphoton
interactions. For the locally chiral field employed in our work [see Eq. (2)] h(5) is the lowest-order
non-vanishing chiral-field correlation function. Here we show that h(5) has a unique form for this
field, as may be anticipated from the derivation in the previous section.
We write the field in Eq. (2) in the exponential form
F (t) = (Fxxˆ+ iFyyˆ) e
−i(ωt+δω) + Fzzˆe−2i(ωt+δ2ω) + c.c., (23)
and the fifth-order chiral-field correlation function as
h(5)(ω0, ω1, ω2, ω3, ω4) ≡ {F (ω0) · [F (ω1)× F (ω2)]} [F (ω3) · F (ω4)] , (24)
where
ω0 + ω1 + ω2 + ω3 + ω4 = 0. (25)
First, note that h(5) is symmetric with respect to exchange of ω3 and ω4, and symmetric/anti-
symmetric with respect to even/odd permutations of ω0, ω1, and ω2. Non-trivially different forms
of h(5) result only from considering exchanges between {ω0, ω1, ω2} and {ω3, ω4}. In the following
we show that the field (Eq. (2) of the main text) yields a unique non-zero form of h(5).
For h(5) to be non-vanishing, the triple product in h(5) must contain the three different vectors
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available in our field, namely Fxxˆ + iFyyˆ, Fxxˆ− iFyyˆ (from the c.c. part), and zˆ. The remaining
scalar product must have frequencies such that Eq. (25) is satisfied. This means that we have the
following four options for h(5):
h(5)a = h
(5) (−2ω,−ω, ω, ω, ω) (26)
h
(5)
b = h
(5) (−2ω, ω,−ω, ω, ω) (27)
h(5)c = h
(5) (2ω, ω,−ω,−ω,−ω) (28)
h
(5)
d = h
(5) (2ω,−ω, ω,−ω,−ω) (29)
Since ~F (ω2)× ~F (ω1) = −~F (ω1)× ~F (ω2) and ~F (t) is real, then
h
(5)
b = −h(5)a (30)
h(5)c = h
(5)∗
a (31)
h
(5)
d = −h(5)c (32)
so that all options are actually equivalent to each other up to either a sign, a complex conjugation,
or both. The ambiguity in the sign reflects the fact that in general right-handed and left-handed
cannot be defined in an absolute way, i.e. without reference to another chiral object, so it is equally
valid to define a chiral measure h(5) = h(5)a or a chiral measure h(5) = h
5)
b = −h(5)a to characterize
the “absolute” handedness of the field. Choosing h(5)a or h
(5)
b , i.e. ordering vectors in the vector
product, corresponds to choosing a left- or a right-handed reference frame. On the other hand, if
we consider the interaction with matter, h(5) and h(5)∗ appear on the same footing [see Eq. (4)],
therefore it is only natural that we have found both options in this derivation. Even if we consider
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the field by itself, since h(5) is the Fourier transform of a real quantity, h(5) and h(5)∗ contain the
same information, so it is again to be expected that we find both options in our derivation.
Replacing Eqs. (23) and (24) in Eq. (26) we obtain
h(5)a = 2iFxFyFz
(
F 2x − F 2y
)
e2i(δ2ω−δω), (33)
so that h(5)a is sensitive to the phase difference between the two colors and also to the sign of the
ellipticity of the ω field ε ≡ Fy/Fx. In the supplementary information we show that, although the
chiral-field correlation function h(n) does not have a unique non-zero form for higher odd orders
n = 7, 9, ..., only a single form is non-negligible provided that the fields along y and z are weak in
comparison to the field along x, such as the field employed in the main text.
Experimental realization of locally chiral fields. The locally chiral field shown in Fig. 1a
can be realized using the non-collinear setup presented in Fig. 3a. It consists of two beams that
propagate along k1 and k2, in the xy plane, creating angles ±α with the y axis. Each beam is
composed of a linearly polarized field, whose polarization is contained in the xy plane, and a z-
polarized second harmonic. We shall assume that the two beams (n = 1, 2) are Gaussian beams34,
and thus their electric fields can be written at the focus as
Fωn(r, t) = F0 e
−ρ2n/ω˜2 cos (kn · r− ωt− φωn) eˆn (34)
F2ωn (r, t) = r0F0 e
−ρ2n/ω˜2 cos (2kn · r− 2ωt− 2φ2ωn ) zˆ (35)
where F0 is the electric field amplitude, r20 is the intensity ratio between the two colours, ρn is the
radial distance to beams’ axis (ρ = ρ1 ' ρ2 in the focus), ω˜ is the waist radius, the propagation
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vectors of the fundamental field are defined as
k1 = k sin (α)xˆ+ k cos (α)yˆ (36)
k2 = −k sin (α)xˆ+ k cos (α)yˆ (37)
where k = 2pi
λ
, λ being the fundamental wavelength, and the polarization vectors are given by
eˆ1 = cos (α)xˆ− sin (α)yˆ (38)
eˆ2 = cos (α)xˆ+ sin (α)yˆ (39)
The total electric field can be written as
F(r, t) = 2F0 e
−ρ2/ω˜2
[
fx(x) cos
(
k cos (α)y − ωt− δω+
)
xˆ+ fy(x) sin
(
k cos (α)y − ωt− δω+
)
yˆ
+fz(x) cos
(
2k cos (α)y − 2ωt− 2δ2ω+
)
zˆ
]
(40)
with
fx(x) = cos (α) cos
(
k sin (α)x+ δω−
)
(41)
fy(x) = sin (α) sin
(
k sin (α)x+ δω−
)
(42)
fz(x) = r0 cos
(
2k sin (α)x+ 2δ2ω−
)
(43)
where δmω± = (φ
mω
2 ±φmω1 )/2. Equations (40)-(43) show that the total electric field is locally chiral.
It is elliptically polarized in the xy plane at frequency ω (with major polarization component along
x) and linearly polarized along z at frequency 2ω.
Note that the relative phases between the three field components do not change along z, as
the two beams propagate in the xy plane. They do not change along y either, since k1 · y = k2 · y.
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Indeed, one can easily see in Eq. (40) that a spatial translation y → y + ∆y is equivalent to
a temporal displacement t → t − ∆t, with k cos(α)∆y = ω∆t. However, the relative phases
between the field components do change along x, because k1 ·x 6= k2 ·x (we have k1 ·x = −k2 ·x
instead), and their modulation is given by fx(x), fy(x) and fz(x).
In order to generate a macroscopic chiral response, we need to ensure that the handedness
of the locally chiral field is locked throughout space. As fx and fy change along x, so does the
ellipticity in the xy plane, which can be defined as
ε(x) =
fy(x)
fx(x)
= tan (α) tan (k sin (α)x+ δω−) (44)
One can easily see that the field’s handedness depends on the relative sign between ε(x) and fz(x).
Thus, we just need to make sure that both quantities change sign at the same positions. The spatial
points where forward ellipticity flips sign satisfy
k sin (α)x+ δω− = n
pi
2
, with n ∈ Z. (45)
Whereas for fz we have
2k sin (α)x+ 2δ2ω− =
pi
2
+ npi, with n ∈ Z. (46)
Combining Eqs. (45) and (46), we obtain the following general condition
2δω− − 2δ2ω− =
pi
2
+ npi, with n ∈ Z (47)
Let us consider now the situation where the two fundamental fields are out of phase (as in Fig. 3a),
i.e. φω1 = δ
ω
+−pi/2 and φω2 = δω+ +pi/2, and therefore δω− = pi/2. Then, the condition given by Eq.
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(47) is verified if 2δ2ω− = pi/2, i.e. if the second harmonic fields are also out of phase, and then we
have 2φ2ω1 = 2δ
2ω
+ − pi/2 and 2φ2ω2 = 2δ2ω+ + pi/2. This means that the relative phase between the
two colours has to be the same in both beams, 2φ2ωn − φωn = 2δ2ω+ − δω+. This analysis shows that
the locally chiral field shown in Fig 1a of the main text maintains its handedness globally in space.
It can also be seen from the chiral-field correlation functions.
Global handedness in chiral-field correlation functions Here we analyze how the hand-
edness of the chiral field Eq. (2) as defined via the chirality measure h(5) in Eq. (3) changes in
space. From Eqs. (23), (33), and (40)-(43), we can see that h(5) depends on x through Fx, Fy, and
Fz. Fx and Fy oscillate with a frequency k sinα, and Fz oscillates with a frequency 2k sinα, as
a function of x. Of course, h(5) also oscillates as a function of x, however, by decomposing Fx,
Fy, and Fz into exponentials with positive and negative frequencies, one can see that there is also
a null-frequency component in h(5) that does not oscillate as a function of x. Ultimately, it is this
null-frequency component which defines the global handedness of the field. It is given by
[
h(5)a
]
0
= 2i
[
FxFyFz
(
F 2x − F 2y
)]
0
e2i(δ
2ω
+ −δω+)
=
1
8
F 50 r0 sin (4α) sin
(
2δ2ω− − 2δω−
)
ei(2δ
2ω
+ −2δω++pi2 ). (48)
This expression shows that the global handedness of the field vanishes when the relative phases
satisfy 2δ2ω− − 2δω− = npi for integer n. On the other hand, the absolute value of the global
handedness reaches a maximum when 2δ2ω− − 2δω− = (n + 1)pi/2 for integer n, in accordance
with Eq. (47). This condition is satisfied by the field shown in Fig. 2 of the main text.
High harmonic response in propylene oxide. We have adapted the method described in
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Ref. 35 to describe high harmonic response in the chiral molecule propylene oxide, as in36. The
macroscopic dipole driven in a medium of randomly oriented molecules results from the coherent
addition of all possible molecular orientations, i.e.
D(Nω) =
∫
dΩ
∫
dαDΩα(Nω) (49)
where where ω is the fundamental frequency, N is the harmonic number, and DΩα is the harmonic
dipole associated with a given molecular orientation. The integration in the solid angle Ω was
performed using the Lebedev quadrature37 of order 17. For each value of Ω, the integration in α
was evaluated using the trapezoid method.
The contribution from each molecular orientation results from the coherent addition of all
channel contributions35:
DmnΩα (Nω) =
∑
mn
Dmn(Nω) (50)
where Dmn is the contribution from a given ionization (m) - recombination (n) channel, in the
frequency domain. We have considered the electronic ground state of the ionic core (X) and the first
three excited states (A, B and C), i.e. 16 channels, and found that only those involving ionization
from the X and A states and recombination with the X, A and B states play a key role under the
experimental conditions of Ref. 28. The contribution from a single ionization-recombination burst
can be factorized as a product of three terms:
DmnΩα (Nω) = a
mn
ion,Ωα(Nω) · amnprop,Ωα(Nω) · amnrec,Ωα(Nω) (51)
which are associated with strong-field ionization, propagation and radiative recombination, respectively35.
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Recombination amplitudes are given by
anmrec,Ωα =
(
2pi
i∂2Sm(tr, ti,p)/∂t2r
)1/2
e−iSm(tr,t
′
r,p)+iNωtr dΩαrec,n
(
k(t′r)
)
(52)
where ti = t′i + it
′′
i and tr = t
′
r + it
′′
r are the complex ionization and recombination times resulting
from applying the saddle-point method35, p represents the canonical momentum, which is related to
the kinetic momentum by k(t) = p(t)+A(t), A(t) being the vector potential (F(t) = −∂A(t)/∂t),
drec,n is the corresponding photorecombination matrix element, and Sm is given by
Sm(t, t
′,p) =
1
2
∫ t
t′
dτ
[
p + A(τ)
]2
+ IPm(t− t′) (53)
Photorecombination matrix elements have been evaluated the static-exchange density functional
theory (DFT) method38–42, as in36.
Propagation amplitudes are given by
anmprop,Ωα =
(
2pi
i(tr − ti)
)3/2
e−iSm(t
′
r,t
′
i,p)aΩαmn(t
′
r, t
′
i) (54)
where aΩαmn is the transition amplitude describing the laser-electron dynamics between ionization
and recombination, which is obtained by solving the time-dependent Schro¨dinger equation numer-
ically in the basis set of ionic states35.
A reasonable estimation of the ionization amplitudes can be obtained using the following
expression:
anmion,Ωα = 2pi
(
1
i∂2Sm(tr, ti,p)/∂t2i
)1/2
e−iSm(t
′
i,ti,p)F{Ψm}
(<{k(t′i)}) (55)
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where F{Ψm} is the Fourier transform of the Dyson orbital associated with the initial state wave
function Ψm. The evaluation of sub-cycle ionization amplitudes in organic molecules is very chal-
lenging because non-adiabatic and multi-electron effects influence the dynamics of laser-driven
electron tunneling, and the estimations provided by Eq. (55) are not sufficiently accurate for the
purpose of this work. Nonetheless, these quantities can be reconstructed from multi-dimensional
HHG spectroscopy measurements, when available43–45. Here we have reconstructed the amplitudes
and phases of the sub-cycle ionization amplitudes from the experimental results of Ref. 28, using
the estimations provided by Eq. (55) as a starting point for the procedure.
Evaluation of macroscopic chiral response The harmonic intensity in the far field has been
evaluated using the Fraunhofer diffraction equation, i.e.
I(Nω, β) ∝ (Nω)4
∣∣∣∣∣
∫ ∞
−∞
D(Nω, x)e−iKxdx
∣∣∣∣∣
2
(56)
where β is the far field angle (divergence), and K is given by K = Nω
c
β, c being the speed of light,
and D(Nω, x) is the harmonic dipole driven by the strong field in the focus (Eq. (49)), which has
been computed along the transversal coordinate x using the procedure described in the previous
section.
Accurate determination of the enantiomeric excess. Let us consider a macroscopic mix-
ture of right handed and left handed molecules, with concentrations CR and CS , respectively. The
intensity of the odd harmonics, which is not enantiosensitive in the dipole approximation, depends
on the total concentration of molecules, being proportional to
I2N+1 ∝ (CR + CS)2|Dx,2N+1|2 (57)
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where Dx,2N+1 is dipole component along x, averaged over all molecular orientations. This com-
ponent is essentially driven by the x component of the fundamental field. In other words, the
dominant pathway giving rise to emission of even harmonics consists of the absorption of 2N + 1
photons with frequency ω and x polarization. Thus, I2N+1 is essentially unaffected by the presence
of the second harmonic field, provided its intensity is weak.
Even harmonics are polarized along z, and they result from the interference between the
chiral and achiral pathways depicted in Fig. 7 of the SI. The intensity of even harmonics is given
by
I2N ∝ |(CR + CS)D0z,2N + (CR − CS)D(R)z,2N |2 (58)
where D0z,2N is the non-enantiosensitive dipole component associated with the achiral pathways
depicted in Fig. 7 of the SI and D(R)z,2N is the enantiosensitive component associated with the chiral
pathway, for the R enantiomer. The strength of chiral response depends on (CR−CS) because the
enantiosensitive dipole component is out of phase in opposite enantiomers, i.e. D(R)z,2N = −D(S)z,2N .
The effect of the second harmonic field on D(R)z,2N is negligible, as this dipole component is driven
by the fundamental. However, the achiral pathways giving rise to D0z,2N involve the absorption or
emission of one z-polarized photon of frequency 2ω, and thus this dipole component is controlled
by the amplitude and phase of the second harmonic field. As we show in the main text, we can
tune these parameters so that D0z,2N ' ±D(R)z,2N . If D0z,2N ' D(R)z,2N , the ratio between consecutive
harmonics can be written as
I2N
I2N+1
∝ (1 + ee)2 I2N
I2N+1
∣∣∣
ee=0
(59)
where ee is the enantiomeric excess, ee = CR−CS
CR+CS
, and I2N
I2N+1
∣∣∣
ee=0
is the intensity ratio between
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consecutive harmonics in a racemic mixture. Alternatively, one can adjust the amplitude and phase
of the second harmonic field so that D0z,2N ' D(S)z,2N , and then
I2N
I2N+1
∝ (1− ee)2 I2N
I2N+1
∣∣∣
ee=0
(60)
Eqs. (59) and (60) provide an easy way to quantify the enantiomeric excess in macroscopic mix-
tures from a single measurement of the harmonic spectrum, with high accuracy and with sub-
femtosecond time resolution. Note that, if ee > 0, we can determine its value more accurately if
we set D0z,2N ' D(R)z,2N and use Eq. (59), whereas setting D0z,2N ' D(S)z,2N and using Eq. (60) will
provide a more accurate determination if ee < 0 (see Fig. 4f).
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SUPPLEMENTARY INFORMATION
1 Benchmark of quantitative model for high harmonic response in propylene oxide
The quantitative model for evaluating high harmonic response in propylene oxide (see Methods)
used in this work has been benchmarked against the experimental results of Ref.28, which recorded
the harmonic emission from randomly oriented molecules in elliptically polarized laser fields. Fig.
5a,b contains the calculated high harmonic intensity for right-handed and left handed propylene
oxide molecules as functions of harmonic number and ellipticity. The agreement with the experi-
mental results of Ref.28 is excellent (see Fig. 1 in Ref.28). Our quantitative model reproduces very
well the chiral response around H40 and near the cutoff, which could not be explained within the
simplified picture used in 28. Note that the origin of chiral response in elliptical HHG relies on the
interplay between electric and magnetic dipole interactions, and thus it is not very strong (around
2− 3%). The use of locally chiral fields can enhance chiral response by two orders of magnitude,
as we show in the main text.
Chiral response in HHG driven by weakly elliptically polarized fields is proportional to the
ellipticity that maximizes harmonic signal28, and it is given by
S(N) ' 2ε0(N)
σ2
(61)
where ε0 is the value of ellipticity that maximizes the harmonic signal, for a given harmonic number
N , and σ describes the Gaussian decay of the harmonic signal with ellipticity. The values of S(N)
evaluated using the numerical results presented in Fig. 5 (a,b) are shown in Fig. 5c, together with
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Figure 5: a, b): High-order harmonic intensity emitted by randomly oriented R and S propylene
oxide molecules in elliptically polarized laser fields with intensity I0 = 5 · 1013 W cm−2 and
wavelength λ = 1770 nm (see Methods for detail of the calculations). For each harmonic number,
the intensity is normalized to its maximum value. The values of ellipticity that maximize the
harmonic intensity are represented with a white line. c) Time-resolved chiral response: theoretical
results of this work (black line) and experimental values of Ref. 28 (green line). The shaded area
represents the uncertainty of the experimental measurements.
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the experimental results from Ref. 28. The agreement between theory and experiment is excellent
in the whole range of harmonic numbers, i.e. for all recombination times.
2 Higher order chiral-field correlation functions
Higher order chiral-field correlation functions h(n) control the sign of the enantio-sensitive and
dichroic response in multiphoton interactions. Here, we consider higher-order (n > 5) correlation
functions h(n) for the locally chiral field Eq. (2) employed in our work. We show that for such field
h(n) has a unique form in every order, which is helpful for achieving the ultimate control.
The n-th order chiral correlation function in the time domain is defined as
H(n) (0, τ1, . . . , τn−1) ≡ 1√
2pi
∫
dt {F (t) · [F (t+ τ1)× F (t+ τ2)]}
× [F (t+ τ3) · F (t+ τ4)] . . . [F (t+ τn−2) · F (t+ τn−1)] (62)
for n ≥ 3 odd. The Fourier transform with respect to all variables τi yields the n-th order chiral
correlation function in the frequency domain:
h(n) (ω0, ω1, . . . , ωn−1) =
1(√
2pi
)n ∫ dτ1 . . . ∫ dτn−1eiω1τ1 · · · eiωn−1τn−1H(n) (0, τ1, . . . , τn−1)
= {F (ω0) · [F (ω1)× F (ω2)]}
× [F (ω3) · F (ω4)] . . . [F (ωn−2) · F (ωn−1)] (63)
where ω0 is defined by the equation
n−1∑
i=0
ωi = 0 (64)
31
We now consider all possible permutations of the frequencies in h(n), which is equivalent to con-
sidering all possible permutations of times in H(n). We will show that the handedness of the field
employed in our work [see Eq. (23) in Methods] is invariant with respect to such permutations.
The seventh-order chiral-field correlation function reads as:
h(7) ({ω0, ω1, ω2}, [ω3, ω4], [ω5, ω6]) = {F (ω0) · [F (ω1)× F (ω2)]}
× [F (ω3) · F (ω4)] [F (ω5) · F (ω6)] (65)
where we grouped the frequency arguments of h(7) with curly and squared brackets to improve
readability. In this case there are new symmetries, we can exchange ω3 with ω5 and ω4 with ω6
simultaneously, or ω3 with ω6 and ω4 with ω5 simultaneously. Again, the first step is to make sure
that the triple product is non-zero, which yields the same four triple products we got for h(5) (see
Methods). But this time, if we choose ω0 = −2ω, ω1 = −ω, and ω2 = ω, instead of one we get
five different options that satisfy Eq. (25) for the rest of the frequencies :
h(7)a1 = h
(7) ({−2ω,−ω, ω}, [ω, ω], [−ω, ω]) , (66)
h(7)a2 = h
(7) ({−2ω,−ω, ω}, [−2ω, 2ω], [ω, ω]) , (67)
h(7)a3 = h
(7) ({−2ω,−ω, ω}, [−ω,−ω], [2ω, 2ω]) , (68)
h(7)a4 = h
(7) ({−2ω,−ω, ω}, [−2ω, ω], [ω, 2ω]) , (69)
h(7)a5 = h
(7) ({−2ω,−ω, ω}, [−ω, 2ω], [−ω, 2ω]) . (70)
Since the triple product can be written in three additional different forms (see analogous discussion
for h(5) in Methods) there are a total of 20 different possible versions of h(7): h(7)ai , h
(7)
bi
, h(7)ci , and
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h
(7)
di
, with 1 ≤ i ≤ 5. If we now consider the interaction with matter and limit the number of
2ω photons to a maximum of one, i.e. we consider the 2ω component to be much weaker than
the ω component |Fz|  |Fx|, we are left only with h(7)a1 , h(7)b1 , h
(7)
c1 , and h
(7)
d1
. These four options
are related to each other the same way that h(5)a , h
(5)
b , h
(5)
c and h
(5)
d were related to each other [see
Eqs. (26)-(32) and the corresponding discussion in Methods], and therefore we arrive to the same
conclusion as for h(5): up to a sign and complex conjugation, there is a unique expression for h(7)
given by [see Eqs (23) in Methods]
h(7)a1 = 2iFxFyFz
(
F 2x − F 2y
) (
F 2x + F
2
y
)
e2i(δ2ω−δω). (71)
The next order chiral measure reads as
h(9) ({ω0, ω1, ω2} , [ω3, ω4] , [ω5, ω6] , [ω7, ω8]) = {F (ω0) · [F (ω1)× F (ω2)]}
× [F (ω3) · F (ω4)] [F (ω5) · F (ω6)] [F (ω7) · F (ω8)] (72)
As for the seventh-order case, we obtain some new (trivial) symmetries derived from the commu-
tativity of scalar products. If we allow only a single 2ω photon and choose ω0 = −2ω, ω1 = −ω,
and ω2 = ω then the possible options for h(9) are
h(9)a1 = h
(9) ({−2ω,−ω, ω} , [ω, ω] , [−ω, ω] , [−ω, ω]) , (73)
h(9)a2 = h
(9) ({−2ω,−ω, ω} , [ω, ω] , [−ω,−ω] , [ω, ω]) . (74)
Like before, since the triple product can be written in three additional different forms there are a
total of 8 different possible versions of h(9) that involve a single 2ω photon (absorbed or emitted):
h
(9)
ai , h
(9)
bi
, h(9)ci , and h
(9)
di
, with i = 1, 2; related to each other as in the case of h(5) [see Eqs. (26)-(32)
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and the corresponding discussion in Methods]. The explicit expressions for h(9)a1 and h
(9)
a2 read as
[see Eq. (23) in Methods]
h(9)a1 = 2iFxFyFz
(
F 2x − F 2y
) (
F 2x + F
2
y
)2
e2i(δ2ω−δω) (75)
h(9)a2 = 2iFxFyFz
(
F 2x − F 2y
)3
e2i(δ2ω−δω) (76)
If we impose small ellipticity || ≡ |Fy/Fx|  1, then to first order in  we get F 2x ± F 2y ≈ F 2x
and therefore h(9)a1 = h
(9)
a2 , which leaves a unique expression for h(9) up to a sign and complex
conjugation:
h(9)a1 = 2iF
7
xFyFze
2i(δ2ω−δω). (77)
Higher-order measures will follow the same pattern and will not introduce any new feature pro-
vided we enforce the restrictions |Fy| , |Fz|  |Fx|, which is satisfied by the field employed in
our work to demonstrate the highest possible degree of control over enantio-sensitive light matter
interactions (see Figs. 3 and 4 of the main text).
3 Another example of locally chiral field: counter-rotating bi-elliptical field
The simple field shown in Fig. 1 a of the main text is only one example of a locally chiral field.
Fig. 6 a,b presents an alternative locally chiral field that has different properties. This field results
from combining two counter-rotating elliptically polarized drivers with frequencies ω and 2ω that
propagate in different directions, with their polarization planes creating a small angle α (see Fig.
6a). The electric fields can be written at the focus as34
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Figure 6: Enantiosensitive response from a randomly oriented CBrClFH molecule. a) Setup using
counter-rotating elliptically polarized ω and 2ω fields, generating the locally chiral field shown in
panel (b) for φω,2ω = −pi/3 (upper image) and 2pi/3 (central and bottom images). The bottom
image has been rotated 180◦ around the y axis to show that the fields for φω,2ω = −pi/3, 2pi/3 are
mirror images. c) z-polarized harmonic intensity from opposite enantiomers for λ = 1500 nm,
Imax = 1.2× 1013 W/cm2, φω,2ω = 2pi/3, ε1 = 0.4, ε2 = 0.3, α = 5◦, and a trapezoidal envelope
with 4 cycle turn-on/off and 3 cycle flat-top. d) Chiral dichroism in the harmonic intensity. An
error of ±18.4% is estimated based on convergence with the number of orientations.
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F1(r, t) =
1
2
F1,0 e
−ρ21/ω˜2ei(k1·r−ωt−δω) (eˆ1 + iε1 zˆ) + c.c. (78)
F2(r, t) =
1
2
F2,0 e
−ρ22/ω˜2ei(k2·r−2ωt−2δ2ω) (eˆ2 − iε2 zˆ) + c.c. (79)
where Fn,0 is the electric field amplitude, εn is the ellipticity, ρn is the radial distance to beams’
axis, ω˜ is the waist radius, the propagation vectors are defined as k1 = k sin (α)xˆ+ k cos (α)yˆ and
k2 = −2k sin (α)xˆ + 2k cos (α)yˆ, where k = 2piλ , λ being the fundamental wavelength, and the
polarization vectors are given by eˆ1 = cos (α)xˆ − sin (α)yˆ and eˆ2 = cos (α)xˆ + sin (α)yˆ. The
locally chiral field resulting from combining both beams can be written as
F(r, t) = F0 e
−ρ21/ω˜2 [f1(r, t) + f2(r, t)] (80)
where we have assumed F0 = F1,0 = F2,0 and that ρ = ρ1 ' ρ2 at the focus; f1 and f2 are
f1(r, t) =
1
2
ei(Φ1−ωt) (eˆ1 + iε1 zˆ) + c.c. (81)
f2(r, t) =
1
2
e2i(Φ2−ωt) (eˆ2 − iε2 zˆ) + c.c. (82)
with
Φ1 = k sin (α)x+ k cos (α)y − δω (83)
Φ2 = −k sin (α)x+ k cos (α)y − δ2ω (84)
The handedness of this locally chiral field depends on the relative phase between the two colours
∆Φ = Φ2 − Φ1 = −2k sin (α)x+ δω − δ2ω (85)
Note that this relative phase does not depend on the direction of light propagation y because k1·y
ω1
=
k2·y
ω2
, but it depends on the transversal coordinate x, as k1·x
ω1
6= k2·x
ω2
. Thus, the handedness of the
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locally chiral field changes along the x direction and is not maintained globally in space. Fig. 6b
of the main text shows that changing the phase shift ∆Φ by ±pi/2 rad transforms the locally chiral
field into its mirror image. This means that the field has opposite handedness at positions (x, y, z)
and (x+ ∆x, y′, z′), with ∆x = λ
8 sin (α)
.
In order to illustrate that this locally chiral field can drive enantiosensitive response in chiral
media, we have performed calculations for randomly oriented bromochlorofluoromethane molecules
using Time Dependent Density Functional Theory, implemented in Octopus 46–48. We employed
the Perdew-Burke-Ernzerhof exchange-correlation functional49 of the generalized gradient approx-
imation and pseudopotentials50 for the Br, Cl, F, and C atoms.
Fig. 6c shows the single-molecule high harmonic response of enantiopure, randomly oriented
media of left and right handed bromochlorofluoromethane molecules. To demonstrate enantiosen-
sitivity in odd harmonic frequencies, we have applied a polarization filter and show the intensity
of the z-polarized radiation. The calculated single-molecule high harmonic response shows ex-
tremely high degree of chiral dischroism in even and odd harmonic orders, reaching 60%. The
error bars at the level of 20% are associated with limited number of molecular orientations used
for averaging over orientations. The extreme computational cost of these calculations makes op-
timization of enantio-sensitive response prohibitively expensive. In contrast to the field in Fig. 1,
this field is not globally chiral, as its handedness periodically alternates in space, see below.
Analysis of local and global handedness of counter-rotating bi-elliptical field Here we apply
the chiral correlation function h(5) [see Eq. (24)] to illustrate the properties of the locally chiral
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field in Eq. (80) from this perspective. The analysis of the field correlation function h(5) shows that
this locally chiral field carries different elements of chirality, which manifest itself in two types of
correlation functions. [see Eq. (25)]
h(5)a = h
(5) (−2ω,−ω, ω, ω, ω) (86)
h
(5)
b = h
(5) (−ω,−2ω, 2ω, 2ω,−ω) (87)
Other options are related to either of these two by a change of sign, by complex conjugation, or by
both as discussed in Methods. Note that the second option was not available for the field discussed
in the main text because this option requires the 2ω field to be elliptically polarized. Furthermore,
it requires more than one 2ω photon. Replacing Eq. (80) in Eqs. (86) and (87) yields
h(5)a = 2i
(
F0
2
)5
ε1
(
1− ε21
)
sin (2α) ei[4kx sinα+2(δ2ω−δω)], (88)
h
(5)
b = −2i
(
F0
2
)5
ε2 sin (2α) [cos (2α) + ε1ε2] e
i[−4kx sinα−2(δ2ω−δω)]. (89)
Interestingly, h(5)a is independent of the ellipticity of the 2ω beam. We can also see from these
expressions that we can obtain a locally chiral field with a unique h(5) by setting either of the
two ellipticities to zero. That is, the fields with either ε1 or ε2 equal to zero are also locally chiral.
Two different versions of h(5) mean that the field displays chirality at two different levels, i.e. like a
helix made of a tighter helix. Finally, from these expressions it is clear that h(5)a and h
(5)
b oscillate as
a function of x with a frequency 4k sinα, in agreement with the reasoning in the previous section.
The global handedness, which obtains as a space-averaged value of correlation functions (Eq. (88),
(89)) is zero in case of this field.
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4 Control over chiral light matter interaction in the strong field regime
Here we describe the mechanism of control over enantionsensitive high harmonic generation. Even
harmonic generation driven by the locally chiral field employed in the main text ( 1, 2, 3 and 4)
results from the interference between the achiral and chiral pathways depicted in Fig. 7. The chiral
pathway (left diagram) describes the enantiosensitive response driven by the elliptically polarized
ω field in the direction orthogonal to the plane of polarization, which is not affected by the presence
of the second harmonic field.
zω2N
xω(2N+1)
yω
chiral
zω2
zω2N
xω(2N-2)
+
achiral
zω2
zω2N
xω(2N+2)
+
achiral
Figure 7: Control over enantiosensitive high harmonic generation with locally chiral fields. In-
terference of chiral (left diagram) and achiral (central and right diagrams) pathways in even high
harmonic generation.
There are two possible achiral pathways giving rise to even harmonic generation. One of
them (central diagram in Fig. 7) involves the absorption of 2N − 2 photons of ω frequency and
x polarization, absorption of a photon of 2ω frequency and z polarization and emission of a 2N
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harmonic with z polarization. The polarization associated with this process can be written as
P↑2N = P2N−2 χ
(1)
↑ F(2ω) = a↑e
iδzˆ (90)
where P2N−2 is a scalar describing the absorption of 2N − 2 photons with x polarization, that
depends on the properties of the molecule and of the strong field component, χ(1)↑ is the first order
susceptibility of the system dressed by the ω field describing the absorption of a 2ω photon with z
polarization, and a↑ = P2N−2 χ
(1)
↑ |F(2ω) · zˆ|. The relative phase between the two colours δ fully
controls the phase of P↑2N .
Let us consider now the alternative achiral pathway (right diagram in Fig. 7) involving the
absorption of 2N + 2 x-polarized photons of ω frequency, emission of a z-polarized photon of
2ω frequency and emission of a z-polarized 2N harmonic of the fundamental frequency. The
polarization term associated with this pathway is
P↓2N = P2N+2 χ
(1)
↓ F
∗(2ω) = a↓e−iδzˆ (91)
where a↓ = P2N+2 χ
(1)
↓ |F∗(2ω)·zˆ|. The arrows ↑ and ↓ indicate whether the 2ω photon is absorbed
or emitted.
The total achiral contribution to polarization at 2Nω frequency is given by P↑↓2N = P
↑
2N +
P↓2N . If one of the two pathways is dominant, then δ fully controls the phase of P
↑↓
2N . If both
pathways are equally intense, i.e. a↑ = a0eiφ↑ and a↓ = a0eiφ↓ , then we have
P↑↓2N = a0
(
eiφ↑eiδ + eiφ↓e−iδ
)
zˆ = 2a0e
φ+ cos (φ− − δ)zˆ (92)
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where φ± =
φ↓±φ↑
2
. Here we control the amplitude and the sign of the achiral contribution in
full range. The phase control is associated with the dependence of the phase of the recombination
matrix element on the direction of electron approach (in the molecular frame). Further, once one
includes changes in ionization and recombination times due to the presence of the 2ω field, one
finds δ−dependent corrections to the Volkov phase and thus the phase of a given harmonic.
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